In this work, a straightforward aqueous synthesis for mass production (up to 20 g) of uniform and crystalline magnetite nanoparticles with a core sizes between 20 and 30 nm, which are the optimum nanoparticle core sizes for hyperthermia application, is proposed. Magnetic and heating properties have been analyzed showing very high saturation magnetization and magnetic heating values. To stabilize the naked magnetite nanocrystals at physiological pH and increase their circulation time in blood, they have been covalently coated with carboxy-methyl-dextran, a biocompatible polymer.
Introduction
Magnetic nanoparticles are promising drug delivery systems because they can be manipulated by a magnetic field avoiding a general systemic distribution of the drug bound to the nanoparticle and achieving high local drug concentrations with lower doses administration. [1] [2] [3] They can be applied in diagnosis as molecular magnetic resonance imaging (MRI) contrast agents, in specific drug targeting, in magnetofection for gene therapy, 4 tissue engineering and repair, biosensing, biochemical separations, bioanalysis 5 and also in cancer treatment by hyperthermia. 6, 7 In particular, iron oxide magnetic nanoparticles (magnetite, Fe 3 O 4 and maghemite, -Fe 2 O 3 ) have received a notable interest in this field because of their biocompatibility, biodegradability and physiological stability. 1 Hyperthermia is an attractive strategy of cancer treatment based on heat generation by magnetic nanoparticles on tumor site 8 presenting fewer side effects compared to chemo-and radiotherapy and that can be used in combination with conventional therapeutic treatments. 9 The mechanism of hyperthermia relies on a selective tumoral cells heating (in the temperature range of 41-46°C) resulting in the activation of natural intra and extracellular degradation mechanisms that finally lead to apoptosis with cancer cell death. 8 Theoretical and experimental optimal nanoparticle diameter for this application increases with the magnetic field and decreases with frequency in a range that depend on the anisotropy of the material, concentration, media viscosity etc. 10 In the case of magnetite, 16 nm seems to be the optimum size for uniform and spherical particles showing maximum heating efficiency in a 373 kHz, 20 mT alternating magnetic field, 11 while for cubeshaped nanoparticles, 19 nm particles had the best performance at all tested conditions (up to 30 mT and 700 kHz). 6 For elongated Fe 3 O 4 nanoparticles with aspect ratio 1.5, the optimum size ranges from 13 to 18 nm as magnetic field amplitude increases from 6 to 36 mT, keeping H·f = constant. 12 These large core sizes are also preferable for magnet-assisted drug targeting because of their higher magnetic moment per particle. 13, 14 However, to obtain nanoparticles in this size range (superparamagnetic-ferromagnetic limit) with the strict condition of uniformity and colloidal 4 stability in physiological conditions required for biomedical applications, is not an easy task.
Nanoparticles should also form a stable colloidal suspension in physiological conditions with an hydrodynamic size (nanoparticle size in solution) lower than 100 nm to slow down the immune system detection by macrophage-mediated up-take. 3, 15, 16 Nowadays, different techniques to synthesize iron oxide nanoparticles with a size between 5 and 100 nm have been developed. There are physical (gas-phase deposition and electron beam lithography), wet chemical (sol-gel, oxidation, chemical co-precipitation, hydrothermal reactions, thermal decomposition of organic compounds, etc.) and microbial methods. 5 Most of these methods are complex or need further organic impurities purification that limit their reproducibility and reduce the possibility to reach a scalable process. For a potential industrial application, the synthesis process should be as easy, clean and cost effective as possible, ruling out methods in non-aqueous medium. Co-precipitation of iron (II)-, iron (III) salts (i.e. chlorides, sulphates, nitrates) in aqueous solution 3, 17 is the standard technique due to its reproducibility and yield but shows a non-complete control of particles size distribution and certain atomic disorder due to the low synthesis temperature. 15,18, Unfortunately nanoparticles larger than 15 nm are unattainable by this method.
Recently, based on Sugimoto´s work, 19 our group has obtained highly crystalline and monodispersed MNCs with core sizes between 35 and 100 nm by precipitation of an iron (II) salt in water. 20, 21 Preliminary results showed that as synthesized magnetic nanoparticles of 35 nm showed specific absorption rate values (SAR) two folds higher than 10 nm particles. 22 This has encouraged this work on the possibilities of a further reduction in particle size, the synthesis process scaling and the stabilization of these particles in water by polymer coating that constitute the main subject of this work.
The coating material should satisfy some key requirements such as: i) magnetic colloids stabilization under physiological conditions, ii) low or no toxicity, iii) site-specific targeting ability and iv) presence of different functional groups allowing subsequent biomolecules conjugation (i.e.
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antibodies, drugs, peptides, enzyme or nucleotides). 23 A wide set of coatings have been studied including amphiphilic micelles, inorganic and organic compounds, polymers and so on. 13, 23 Among them, dextran (a polysaccharide composed by -D-glucopyranosyl units) is preferred due to its extremely low toxicity by intravenous route, enhancement of blood circulation time and the presence of chemical groups for further functionalizations. 24, 25 Some problems can be associated with the nanoparticles coating strategy, as an inhomogeneous surface coverage and a low bind strength. 23 If dextran is attached to the nanoparticles surface by weak interactions as physical absorption, less control of coupled functional groups and, more important the coating loss in particular conditions (i.e. the physiological medium), could occur 25, 26 with consequent nanoparticles aggregation and possible cytotoxicity. 27 So a strong binding between the polymer and the nanoparticles surface is preferred.
In this paper, we describe the synthesis of uniform magnetic nanocrystals with particle diameters ranging from 20 to 30 nm (close to the superparamagnetic-ferrimagnetic limit). The synthesis process has been successfully scaled up to 10 times (20 g per batch) respect to previous reports without appreciable loss of homogeneity and magnetic properties. The optimized conditions allow obtaining a high reproducibility from batch-to-batch making this synthetic method potentially exploitable at industrial level. A suitable coating strategy of these relatively large magnetic nanocrystals was developed by successive coating layer upon layer of negatively and positively charged molecules to reduce the hydrodynamic size and increase the number of active sites to anchor carboxymethyl dextran strongly bonded (D) (Figure 1 ). Finally the performance of such colloids for hyperthermia applications was evaluated as a function of particle size and under different alternating magnetic field conditions. Thus, the possibility to generate stable colloids using magnetic nanoparticles with high magnetization was demonstrated. It should be noted that the particles prepared in this work have application not only in biomedicine but also in the catalysis and environment areas (impurities removal of water and food quality control for example). 28 
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Experimental Section
Magnetic Nanocrystals synthesis. . At the end of the synthesis the system was cooled down and the nanocrystals were separated by magnetic decantation followed by five washings with distilled water. The yield of the reaction is nearly 100%, obtaining between 400 mg and 4 grams in each batch depending on the initial Fe salt concentration.
The process has been scaled up to 10 times respect to the quantity of reactants mentioned above. 20 The reaction was done in a 2.4 liters double-walled reactor heated by a thermostated fluid set to 90°C by means of a thermostat. The whole process was performed in a glove box under nitrogen. A very important point to consider during this synthesis is to avoid air contact. A small leak in the apparatus leads to the formation of lepidocrocite and goethite as secondary phases, resulting nanoparticles heterogeneous in size and shape ( Figure S1 , ESI). Colloidal properties of the samples were studied in a Zetasizer Nano ZS TM, from Malvern
Instruments. The hydrodynamic size of the particles in suspensions was measured by Dynamic
Light Scattering (DLS) diluting the sample in ultrapure water and the electrophoretic mobility was measured as a function of pH at 25°C, using 10 -2 M KNO 3 as electrolyte and HNO 3 and KOH to change the pH of the suspensions. Hydrodynamic size calculated by DLS (in intensity) was compared to the size of aggregates observed by TEM. To avoid agglomeration during drying of the coated dispersions, they were highly diluted and nebulized onto the microscope grid during the preparation of the samples. The size measured by electron microscopy corresponds to the magnetic core of the aggregates.
Functionalization of nanoparticle surface was followed by Fourier transform infrared measurements (FT-IR), carried out in a Nicolet 20SXC FT-IR spectrometer. Samples were dispersed in KBr at 2 wt% and pressed in a pellet. The IR spectra were registered between 4000 and 400 cm -1 .
Thermogravimetric (TG) and differential thermal analysis (DTA) analyses of the magnetite powders were carried out in a Seiko TG/ATD 320 U, SSC 5200. The analysis was performed at room temperature up to 900 °C at a heating rate of 10 °C min−1 in an air flow.
8
The magnetic characterization of the powders was carried out in a vibrating sample magnetometer Magnetic hyperthermia (MH) properties have been characterized through temperature rise measurements or by measuring high-frequency hysteresis loops. Temperature measurements were performed on a specially designed frequency-adjustable electromagnet using a differential measurement between a sample containing MNPs and a reference sample containing water only. 29 A typical example of a temperature rise curve during the field application is included in Figure S2 (ESI) (noted AMF ON). The magnetic field application time was 100 s. After the magnetic field is switched off, the sample is shaken for temperature homogenization, which is checked by putting two probes at the top and the bottom of the calorimeter. The temperature rise T final used for SAR calculation is shown as a double-ended arrow and it is calculated from the mean slope of the temperature rise using standard formula. SAR is also directly related to the high-frequency area A of the hysteresis loop through the equation SAR = A•f. 30 Measuring A was thus used as an alternative method to access the SAR, using a home-made setup described elsewhere.
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Nanocrystal Surface Modification.
A22-T.
In an ultrasound bath, 57 ml of iso-propanol, 25.5 ml of ultrapure water and 5.7 ml of ammonium hydroxide (NH 4 OH) 25% were added to 3 ml of magnetite nanocrystals suspension containing 57 mg of iron. Later 57 l of tetraethyl orthosilicate (TEOS) were added dropwise to the suspension (different amounts of TEOS have been tested, data reported in electronic supporting information (ESI), Figure S3 . 32 The dispersion was sonicated during 15 minutes at room temperature and then centrifuged at 9000 RCF for 10 minutes. Subsequent 3-4 washings with isopropanol and the last one with ethanol have been done before re-suspending the nanocrystals in water.
A22-TA. Sample A22-T was functionalized with 3-aminopropyltriethoxysilane (APTS) using a relation APTS/nanocrystals 50:1 (w/w) (A22-TA). For the APTS coating, 1 ml of a nanocrystals suspension containing 10 mg of A22-T was dispersed in 4 ml of ultrapure water in the presence of nitric acid 0.3 M by using ultrasonic bath. Subsequently 5 ml of methanol were added to the aqueous suspension and sonicated during five minutes more. Later 529 l of APTS were added dropwise (different volumes of APTS were tested, Figure S4 , ESI). 33 The suspension was left during 15 hours at room temperature with mild mechanical agitation. After this time sample was washed 3-4 times with ethanol by centrifugation (9000 RCF, 25°C) with removal of the supernatant. After the last washing the residual ethanol was evaporated from the pellet by compressed air and A22-TA was resuspended in distilled water. The A22 sample was also directly coated with APTS for comparison, following a similar protocol as this described above. Figure   S6A -B, ESI).
A22-TAD.
The variation in particle shape from octahedral to spherical as particle size decreases was previously observed for magnetite particles prepared by different methods. 34 It has been reported that in general for a given material, the resulting crystal morphology depends upon solution conditions such as the supersaturation. 35 At low supersaturations, polyhedral crystals are favoured due to the low driving 11 force and extended growth that lead to well-ordered crystallographic (100) and (111) faces . At high supersaturation levels there is abundant nucleation and the rate of growth is limited by the rate of diffusion of new material to the crystal surface, the growing surface tends to become rougher and the particles spherical as it is the case from sample A22.
The formation of crystalline magnetite nanoparticles independently on the iron salt precursor was confirmed by X-ray analysis (Figure 3) . All peaks were assigned to a spinel structure similar to magnetite (JCPDS 89-0691) with crystal sizes of 23 and 30 nm, respectively. The presence of crystalline planes in the high resolution TEM micrographs of A22 and A31 samples, both with an interlayer spacing of 0.48 nm corresponding to (111) planes typical of magnetite, also confirmed the crystalline nature of these MNCs. Infrared spectra for MNCs prepared using the same reactant concentrations but from different iron salts (A34 and A31) show similar features: two main peaks at low frequency due to magnetite (around 400 and 600 cm -1 ), 35 a broad peak at around 1000 cm -1 due to surface impurities coming from the iron salts (SO 4 = ) or/and silica coming from the reaction vessel, and a broad band at 3000 cm -1 due to water ( Figure S7 ). Magnetic behavior of these nanocrystals in powder form was investigated at room temperature (RT). Values of saturation magnetization (Ms) and coercivity (Hc) as a function of particles size are collected in Figure 4 (a).
Particles with sizes larger than 35 nm showed saturation magnetization values closed to 90 Am 2 /kg
and coercivity values of around 10 mT, which agrees well with the theoretical value reported for bulk magnetite. 36 As particle size decreases down to 22 nm, saturation magnetization value decreases to 82 Am 2 /kg probably as a consequence of surface spin canting. Coercivity also decreases to 3 mT, indicating that these nanocrystals are close to the superparamagnetic limit (Figure 4 (b) ). To check the heating properties of the as synthesized samples, SAR and highfrequency measurements were performed in two different conditions: 70 kHz/44 mT and 102 kHz/20 mT. The first one is expected to lead to large hysteresis areas (A) by favouring the magnetic saturation of the MNPs whereas the second one is closer to clinical conditions. 7, 9 For applications in medicine, frequencies in the range 50-1200 kHz and field strengths 0-20 mT are used, while keeping the value of f•H smaller than 5x10 9 Am -1 s -1 , calculated as the discomfort limit. 37 However, it is clear that the clinical tolerability of a therapeutic administration of hyperthermia to counteract cancer is likely to be much higher than that of a healthy volunteer's experience of discomfort after prolonged periods. 38 Data as a function of MNC size obtained are shown in Figure 5 . All samples are much more efficient at large magnetic field. The high-frequency hysteresis loops measured on these samples (Figure 5 (b) and (c)) evidence that, at 20 mT, MNCs are not saturated at all and display a much closed minor loop, which explains their low SAR value. On the contrary, at 44 mT, hysteresis loops show that MNCs are closer to saturation and display a more opened ferromagneticlike hysteresis loop. The effective "saturation" magnetization observed in high-frequency measurements is a combination of the saturation magnetization and the coercive field of the nanoparticles. Basically, a smaller coercive field will induce a larger effective "saturation" magnetization in high-frequency measurements as it is the case for sample A22. Limitations in field amplitude do not allow utilization of the complete hysteresis loop but based on these results we expect a huge loss power at higher magnetic fields, in particular for the smallest nanocrystals that present the highest magnetisation value. For instance, it has been reported that for one sample that at 300 kHz gives only 3 W/g for reasonable field amplitude of 14 kA/m, one may estimate a loss power of 2.4 kW/g for the full hysteresis loop (100 kA/m). 39 Among the studied samples, A22 displays at 44 mT a hysteresis area A = 1.83 mJ/g, which is a very good value for iron oxide magnetic nanoparticles. 40, 41 and consequently this sample was selected for dextran coating and evaluating coating effect on magnetic and heating properties.
Characterization of surface modified MNCs
The coating strategy followed in this work consists in three steps: (1) Activation of the MNC surface with hydroxyl groups by means of tetraethylorthosilicate (TEOS); (2) supplying amino groups by means of APTS strongly coupled; (3) formation of an amide bond with carboxylic groups 13 of the carboxymethyl dextran by carbodiimide reaction (Figure 1) . Surface modification of the MNCs with D by the formation of a strong bond and the presence of carboxylic groups at the surface are expected to be sufficient to overcome the strong magnetic interaction between these large particles and to achieve colloidal stability. Nacked MNCs have a relatively low reactivity that makes essential the formation of a first TEOS layer to increase the amount of dextran molecules bonded to the MNC surface.
Surface modification was followed by FT-IR spectroscopy and surface charge (Z-potential) as a function of pH (Figure 6 and 7) . The presence of silica on MNCs is evidenced by the band at 1084 cm -1 in the IR spectrum for A22-T (Figure 6A (physiological pH) the surface of this dextran coated magnetic nanocrystals was around -40 mV, conferring colloidal stability to these large nanoparticles.
14 Quantification of the coatings was done by thermogravimetric analysis (Figure 6B ) TG analysis of the coated sample A22-TAD confirmed the presence 8% (w/w) of organic matter on the nanoparticles surface. A rapid weight loss is observed between 160 and 300°C due to the thermal decomposition of the polymer. The total weight loss over the full temperature range (0-900°C) was estimated to be 1 % for the uncoated sample A22, 2.6 % for A22-T and the 3% for the amino functionalized A22-TA. It should be noted that when MNCs were directly coated with APTS and D (A22-AD), a small amount of amino groups were bonded to the MNCs as confirmed by the slight shift of the isoelectric point from pH 6.5 to 7.5 ( Figure S8 , ESI) and the TG analysis that confirms the presence of a smaller amount of dextran, around 4%. In conclusion, polymer coating is more effective when silica is deposited before the treatment with APTS . Interesting is the suppression in the coated samples of the unexpected weight gain in the 120-210ºC temperature range, attributable to the oxidation of magnetite to maghemite present in the nacked sample A22. This means that coated particles are completely oxidized to maghemite (Figure S9 , ESI) and Fenton reaction responsible for oxidative stress with high health risks is not expected to occur in this case. 38, 42 Furthermore, coating molecules will also limit the reactivity of the MNCs surface with the environment in comparison to other uncoated nanoparticles.
The evolution of the hydrodynamic size during the successive coating steps is shown in Figure 7B .
As a rule coating reduces the hydrodynamic size with respect to the nacked sample due to the The covalent strength of the D bound to nanocrystals surface was tested by increasing the ionic strength of the medium containing the coated MNCs. 25 Miles et al. described that phosphate salts are responsible for dextran molecules desorption from the nanoparticles surface when they are not covalently bound. 44 Hence, D coated nanocrystals were incubated in PBS buffer at pH 7.4 for 24
and 48 hours, and subsequently analyzed by TG. As it is clearly showed in Figure 9 , TG curve is the same for both samples indicating that polymer desorption did not take place under the relatively strong conditions of the test. In our opinion this confirms the robustness of the bond formation between D and MNCs surface. Preliminary studies of A22-TAD stability in PBS buffer has been done (Data reported in ESI, Table S1 ). The surface modification of these large iron oxide nanoparticles is not sufficient to achieve colloidal stability at pH 7 in high salinity buffers for longer 16 times (hydrodynamic sizes increases up to 500 nm after 2 days), but it is enough to permit further functionalization with biomolecules using standard methods.
Magnetic characterization of functionalized MNCs.
Saturation magnetization values of uncoated MNCs, A22 sample, reached 82 and 85 Am 2 /kg and the coercivity increased from 2 to 30 mT as the temperature decreases from RT to 5 K ( Table 2) .
Magnetite nanoparticles of similar size (22 nm Table 3 . These values, at a large magnetic field, are only slightly reduced and sometimes enhanced compared to raw sample and stay rather large.
On the contrary, at 20 mT, SAR values of the coated samples are reduced compared to the raw one.
Coating, hydrodynamic sizes, saturation magnetization values and concentration vary along the series. All of these parameters have influence and it is delicate to explain with certainty the origin of SAR variation within the series. For instance, it was reported that concentration has a strong influence on SAR values through dipolar interactions 45, 46, 47 and it seems to partly correlate with SAR variations in our set of data.
More complete experimental data consisting in temperature and hysteresis loop measurements as a function of magnetic field amplitude were performed on samples A22-A (Figure S10 , ESI)
indicating that these MNCs are closer to the superparamagnetic regime than the ferromagnetic one 31 and display a low anisotropy, a very good point for their hyperthermia properties, even in the presence of magnetic interactions. 46 Further works are in progress to optimize the heating efficiency under appropriate field conditions that will require higher magnetic fields.
Conclusions
An efficient and large-scale method to obtain high-quality magnetite nanocrystals with core sizes Table 2 . Magnetic properties for the smallest magnetite nanoparticles (A22) before and after coating with TEOS (A22-T), APTS (A22-TA) and Caboxymetyl Dextran (A22-TAD). 
